Assessment of vascular disease has evolved from mere indirect and direct measurements of luminal stenosis to sophisticated imaging methods to depict millimeter structural changes of the vasculature. In the near future, the emergence of multimodal molecular imaging strategies may enable robust therapeutic and diagnostic ('theragnostic') approaches to vascular diseases that comprehensively consider structural, functional, biological and genomic characteristics of the disease in individualized risk assessment, early diagnosis and delivery of targeted interventions. This review presents a summary of recent preclinical and clinical developments in molecular imaging and theragnostic applications covering diverse atherosclerosis events such as endothelial activation, macrophage inflammatory activity, plaque neovascularization and arterial thrombosis. The main focus is on molecular targets designed for imaging platforms commonly used in clinical medicine including magnetic resonance, computed tomography and positron emission tomography. A special emphasis is given to vascular ultrasound applications, considering the important role this imaging platform plays in the clinical and research practice of the vascular medicine specialty.
Introduction
Despite significant diagnostic and therapeutic advances achieved in the last few decades, atherosclerosis still is one of the leading causes of morbidity and mortality worldwide. Until recently, the hemodynamic characteristics of the lesion prevailed over other aspects of the atherosclerosis pathobiologic process. However, it is now well established that independent of the degree of stenosis, other characteristics of the atherosclerosis process, such as endothelial dysfunction, plaque inflammatory activity, platelet agreeability and neovascularization, are important to determine the progression and complications of the human atherosclerosis plaque.
With this backdrop, it is paramount that critical events in the atherosclerosis processes are imaged at the molecular level, even before a flow-limiting lesion develops. In atherosclerosis and other vascular diseases, molecular imaging provides a personalized insight of the disease-specific biological events, enables novel non-invasive strategies for individualized risk assessment, and facilitates monitoring of highly targeted therapies. 1 Moreover, new imaging technologies targeting specific vascular receptors and development of site-specific delivery methods have expanded the molecular imaging spectrum from a lone diagnostic tool to a mode of therapeutic intervention. In this context, theragnostics, defined as the fusion of diagnosis and therapeutics, 2 is well exemplified by emerging vascular imaging modalities in which highly specific and personalized interventions are delivered using structural, functional, and genomic expressions of the disease. 3, 4 Molecular imaging is a rapidly developing discipline aimed at depicting cellular and sub-cellular processes using traditional and novel imaging platforms. 1 In contrast to developments in cancer diagnosis, the use of molecular imaging in atherosclerosis and other vascular diseases has evolved at a slower pace mainly due to a smaller and highly heterogeneous biologic substrate. However, recent advances in the design of imaging enhancement agents, sophisticated multimodal imaging systems (i.e. ultrasound, MRI [magnetic resonance imaging], CT [computed tomography], PET [positron emission tomography]) and the advent of novel imaging platforms suggest the evaluation of vascular disease has entered a new era.
Acknowledging some important molecular imaging and theragnostic strategies may be overlooked in this review -we aimed to focus our synopsis by selecting molecular imaging modalities based on the following criteria. First, the review was limited to applications designed for imaging platforms currently used in clinical medicine (i.e. ultrasound, MRI, PET/CT [positron emission tomography co-registration with computer tomography]) with special emphasis given to applications designed for vascular ultrasound, an imaging platform particularly important to contemporary vascular medicine clinical and research practice. Second, we gave priority to examples in each imaging modality in which extensive clinical information exists, such as ultrasound vasa vasorum (VV) imaging, macrophage activity imaging with super-magnetic particles and radiopharmaceuticals, and ultrasound-enhanced thrombolysis (UET) in the therapeutic section.
Molecular imaging assessment of the atherosclerosis plaque
Atherosclerosis formation and progression involve multiple pathobiologic processes occurring at different stages in multiple vascular territories. Designing atherosclerosis molecular imaging probes and choosing the ideal imaging platform (e.g. MRI, CT-SPECT [computer tomography-single photon emission computed tomography] or ultrasound) requires a comprehensive understanding of the heterogeneous atherosclerosis process and its multiple functional components.
The response-to-retention model of atherogenesis assumes that the seminal event is retention of Apo-B lipoproteins in the subendothelium. 5, 6 This critical initiation event leads to local and systemic inflammatory signaling mediated by chemokines and cytokines, 7 and expression of endothelial cell adhesion molecules including vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and P-selectin by the activated endothelium. 8 The primary role of endothelial activation is to orchestrate a rapid defense and repair response to any given insult. However, in the setting of sustained hypercholesterolemia and other triggers of endothelial activation (e.g. platelet-mediated endothelial activation via Ib and IIb/IIIa surface glycoprotiens 9,10 ), rolling monocytes and T-lymphocytes adhere to the vascular wall and then migrate to the intima. 11 In the sub-endothelium, monocytes differentiate into macrophages which accumulate modified low-density lipoprotein via scavenger receptors and pattern recognition receptors such as CD68, CD36, SR-A and TLR4. 12, 13 Macrophages are not only important in the development of foam cells predominant in the fatty streak and enlargement of the extracellular lipid core, 14 but also contribute to the thinning of the fibrous cap observed in vulnerable plaque via secretion of matrix metalloproteases (MMPs) and other inflammatory molecules abundant in the rupture-prone plaques. [15] [16] [17] Molecular imaging applications designed for ultrasound, MRI and PET/CT individually capture only limited aspects of the vast spectrum of pathobiologic events involved in atherosclerosis development and progression. Therefore, based on their unique advantages and disadvantages, these molecular imaging applications may have a complementary, rather than a competitive, role in depicting the molecular underpinnings of atherosclerosis, as illustrated in Figure 1 .
Ultrasound-based molecular imaging applications in atherosclerosis
The clinical experience of using ultrasound contrast in clinical echocardiography combined with recent advances in molecular biology technologies has broadened the spectrum of vascular ultrasound. Novel applications based on the use of contrast ultrasound enhancement, such as direct visualization of arterial VV 18 or early endothelial inflammatory response assessment with targeted ultrasound agents, 19 are promising examples that ultrasound could be a highresolution and high-sensitivity imaging technique ideally suited to depict real-time molecular processes. Gramiak and Shah first described the use of agitated saline to enhance the contour of the aorta and heart chambers more than 30 years ago. 20 Modern ultrasound contrast agents (UCAs) are gas-filled molecules (usually referred to as microbubbles) that have an outer shell composed of phospholipids, liposomes or other biodegradable polymers. The elastic properties of the shell material and the gas content of the microbubble define the acoustic response, the stability and the effective imaging time. The other important structural component of the microbubbles is the gas core. Late generation UCAs are usually filled with high molecular mass gases (e.g. octafluoropropane, sulfur hexafluoride or perfluorohexane) that provide greater stability, improved acoustic response and enable longer imaging times when compared to earlier air-filled microbubbles.
Microbubbles have many properties that make them ideal for ultrasound contrast enhancement and molecular imaging of the vasculature. They have a molecular size (1-5 µm) similar to mature red blood cells, conferring them a comparable rheologic behavior. 21 They are strict intravascular tracers with no significant retention in the diseased tissue unless selective molecular targeting is induced by changes in the structure of the shell or molecular probes are conjugated in the outer shell. Their physical and ultrasonic characteristics enable them to be specifically differentiated from surrounding tissues. Namely, microbubbles tend to undergo volumetric oscillation, providing a greater ability to reflect, absorb and re-radiate sound energy. In addition, they have a high compressibility difference with surrounding tissues (acoustic impedance) in response to the pressure amplitude from the external ultrasound wave.
The pressure amplitude, also referred to as the acoustic power or output power of the scanner, is usually measured as the mechanical index (MI). At a low MI (< 0.25), microbubbles tend to undergo linear oscillation with an equal compression and rarefaction (expansion) amplitude, resulting in limited contrast enhancement. At a higher MI (0.2-0.7), microbubbles have a non-linear volumetric oscillation with a higher difference between rarefaction and compression, resulting in an optimal contrast enhancement. At this non-linear oscillation pattern, microbubbles re-radiate a sound field containing a specific harmonic spectrum easily distinguished from surrounding tissues which usually contain a smaller proportion of harmonics. 22, 23 At a high MI (0.8 or higher), microbubble destruction occurs, generating a high-intensity signal often referred to as a 'stimulated acoustic emission'. This high-intensity signal has been used to measure and depict microvascular flow using video intensity curves in various tissues including the myocardium, skeletal muscle, kidneys and the periadventia of large vessels. [24] [25] [26] [27] Once the microbubbles are destroyed, the shell is metabolized, the gas is dissolved in surrounding fluids, or if a non-dissolvable gas is used, smaller fragments are exhaled during capillary lung transit. For a more comprehensive review of the principles of contrast-enhanced ultrasound imaging and therapy we encourage readers to review the papers by Stride, 28 Voigt, 29 and Miller et al. 30 The Federal Drug Administration (FDA) currently approves the use of UCAs only in clinical echocardiography primarily for opacification of the left ventricle and to improve delineation of the endocardial border. Anecdotal reports of serious adverse events, including death, prompted the FDA to limit the use of UCAs to subjects without clinical evidence of decompensated heart failure, pulmonary hypertension or right-to-left intra-cardiac shunts. However, recently published large prospective 31 and retrospective studies 32 support the concept that contrast enhancement in ultrasound is safe and reliable. In a recent prospective study of 26,774 subjects, the use of contrast ultrasound agents used to perform stress echocardiography was not associated with an increased cardiovascular mortality or morbidity. 33 Another large, multicenter, retrospective analysis of 66,164 doses of ultrasound contrast agents over a 4.5-year period revealed that the incidence of major adverse reactions after using microbubbles as a cardiovascular contrast agent is similar or even lower than the incidence of adverse events reported after using contrast agents in other imaging modalities (e.g. CT angiogram (CTA) and MRI). 32 Even if all reported events are attributed to the use of UCAs, the risk of death would be significantly low (1:500,000) and no greater than performing an echocardiogram without contrast enhancement. 34 The use of UCAs beyond clinical echocardiography is not yet approved by the FDA. However, the extensive safety background information collected from human translational research studies evaluating microvascular flow in non-cardiac organ systems 30, 35, 36 and thousands of contrastenhanced echocardiograms performed daily in the United States suggest regulatory approval to use UCAs in other vascular conditions is feasible in the near future once disease-specific and more robust safety information is collected. Imaging of non-cardiac vasculature can be achieved with a lower contrast dose, lower MI and limited acoustic energy exposure to the heart and pulmonary vasculature. 27
Ultrasound-enhanced imaging of intra-plaque neovascularization
The VV is a network of small blood vessels that supply oxygen and other blood nutrients to the walls of large arteries. Several animal model systems and human observational studies substantiate the hypothesis that disruptive changes in the regulation of the periadventitial vasculature may have an active role in atherosclerosis development and progression. [37] [38] [39] Early atherosclerosis is accompanied by significant hyperplasia of the VV and disruptive neovascularization of the media and intima even before endothelial dysfunction occurs, suggesting this phenomenon is a seminal event in atherosclerosis initiation and progression. 39, 40 At later stages, plaque neovascularization correlates with hemorrhage and rupture. Autocrine and systemic factors influence arterial wall disruptive neovascularization throughout the entire spectrum of the atherosclerosis process. 38 Ectopic neovascularization is also thought to be a maladaptive response to the increased nutritional demand 37 and cellular hypoxia stimulus from the atheromatous plaque. Notably, cellular hypoxia within atherosclerosis plaque is associated with an increased expression of macrophages, CD8, proangiogenic factors and hypoxia inducible factor (HIF). 41 Experimental models of plaque neovascularization demonstrate that contrast-enhanced ultrasound and other non-invasive imaging strategies such as microscopic three-dimensional (3D) CT and contrast-enhanced magnetic resonance (CMR) could be used to image plaque neovascularization. 38 Contrast-enhanced ultrasound (CEU) in particular, is an accurate, low cost, non-invasive imaging method able to provide a real-time quantification and determination of the extent and structural characteristics of the periadventitial microvasculature and plaque neovascularization. CEU utility to portray VV hyperplasia has been demonstrated in several animal and clinical models. 40, 42, [44] [45] [46] In a Rapacz familial hypercholesterolemia swine model of atherosclerosis induced by mechanical vascular injury, Herrmann et al. used CEU imaging to demonstrate that the VV network development preceded endothelial dysfunction, and the neovascularization process progressed from no detectable microvessels at 5 weeks, to an extensive and diffuse periadventitial and ectopic neovascularization at 43 weeks. 40 Similarly, several clinical observational studies demonstrate the ability of contrast-enhanced ultrasound methods to depict periadventitial vasculature and intra-plaque neovascularization in patients with carotid atherosclerotic disease. 18, [43] [44] [45] [46] Giannoni et al. studied 77 subjects demonstrating that high-grade intra-plaque neovascularization was more frequent in symptomatic versus asymptomatic individuals (1/64 vs 9/9, respectively, p < 0.001). They also noted that contrast ultrasound enhancement of carotid plaque neovascularization correlated with the degree of microvascular density. Histological specimens from symptomatic subjects had a higher intensity of vascular endothelial growth factor (VEGF) and matrix metalloproteinase-3 (MMP3) immunostaining, and microvessesls in the periadventitial aspect of the plaque were smaller (Figure 2 ). 44 In a larger study (n = 104), Xiong et al. used a quantitative method (signal intensity) to demonstrate that periadventitial microvasculature and ectopic neovascularization was significantly higher in symptomatic patients when compared to asymptomatic individuals (13.9 ± 6.4 dB vs 8.8 ± 5.2 dB, p < 0.001). 24
Targeted ultrasound agents for early atherosclerosis assessment
The use of targeted and acoustically active probes is a promising molecular imaging approach to depict endothelial activation and immune cell retention observed in early atherosclerosis. 47 Some of the ultrasound contrast agents have an intrinsic affinity to detect early endothelial activation. Microbubble adherence to leucocytes that attach to the activated endothelium appears to be mediated by complement and may be enhanced by chemical changes induced in the microbubble lipid-shell, such as a negative charge in the phosphatidylserine component. 47, 48 In a large animal atherosclerosis model of endothelial dysfunction induced by local arterial injury and hyperlipidemia, lipid-shell microbubble binding to the carotid artery-activated endothelium was directly visualized using high-magnification electron microscopy and high-frequency ultrasound (Figure 3 ). 49 Similarly, others have demonstrated that albumin-shell microbubbles have increased affinity for the β2-integrin Mac-1 leukocyte receptor. 47 A more specific strategy for early atherosclerosis imaging is to perform selective targeting by incorporating, through direct conjugation or through an avidin/streptavidin biotinylation method, an antibody, glycoprotein, carbohydrate, peptide or any other disease-specific molecular target into the microbubble shell. 29, 47, 50 In a small animal model system, the highest retention of VCAM-1-targeted microbubbles was observed in apolipoprotein E-deficient mice with severe atherosclerosis. 19 In larger animals, intra-vascular ultrasound imaging of the atheromatous-related endothelial abnormalities has been achieved using immunoliposomes tagged with antibodies directed against ICAM-1 and VCAM-1. 51 These studies provide proof-of-principle that real-time assessment of early atherosclerosis inflammation is feasible using targeting ultrasound contrast agents. However, low microbubble retention at the atherosclerosis site due to high-velocity and high-shear stress, and low specificity of selected targets suggest further research development is necessary before human translation is attempted. 31, 47 
Atherosclerosis macrophage activity assessment using super-magnetic particles
Human atherosclerotic plaque inflammation has been demonstrated using magnetic resonance. 52 Notably, recent clinical trials with super-magnetic particles provide proof of the clinical feasibility of tracking macrophage infiltration of carotid atheroma as a surrogate marker of plaque inflammation and in risk assessment. 53, 54 Ultra-small superparamagnetic particles of iron oxide (USPIO) are large circulating iron oxide nanoparticles (ferumoxtran-10) cleared very slowly (24-36 hours) by the reticuloendothelial system, making them ideal for atherosclerosis and lymphatic vessel imaging. The principle of using USPIO in atherosclerosis relies on the similar molecular size (less than 50 nm) of these particles to oxidized low-density cholesterol (ox-LDL-c), their ability to be retained in the sub-endothelial space of dysfunctional endothelium 55 and their specific affinity for scavenger receptors and other outer cell membrane molecules expressed by activated macrophages, such as the integrin receptor Mac-1 (CD11b/CD18, αMβ2) 56 and phosphatidylserine. 57 The ideal visualization of USPIO particles with activated macrophages is achieved with a T2*-weighted gradient echo sequence in which areas of high plaque inflammatory activity are represented by a signal hypodensity (Figure 4 ).
In humans, there is extensive evidence that supports using USPIO imaging in the assessment of carotid atheroma macrophage infiltration and plaque vulnerability. Histopathological correlation shows that up to 75% of the ruptured or ruptured-prone lesions contain high concentrations of USPIO, whereas this agent was only present in 7% of the stable plaques. 52 In the ATHEROMA (Atorvastatin Therapy: Effects on Reduction Of Macrophage Activity) study, a prospective, randomized, double-blind trial of 47 subjects with clinically documented carotid atherosclerosis, subjects were randomly assigned to a low dose (10 mg) or high dose (80 mg) of atorvastatin once a day for 12 weeks. Subjects in the high-dose group had a significant reduction of macrophage activity at 6 and 12 weeks (Figure 4 ), whereas no reduction was noted in the low-dose group. Molecular imaging signaling was concordant with a significant LDL-c reduction (-29%, 95% CI -30% to -15%, p < 0.0001) and microemboli count reduction (-91%, 95% CI -97% to -78%, p < 0.0001) at 12 weeks. 54 Evidence that macrophage activity assessment by MRI is a valid outcome to use in clinical trials is robust. However, as in most of the emerging molecular imaging strategies, future research is required to determine the ability of this imaging technique to predict long-term cardiovascular outcomes. Additional studies are also imperative to evaluate the long-term safety of using a molecule such as USPIO that can potentially increase atherosclerosis plaque iron content, particularly if recurrent exposure is required. 58 Some hypothesize that a local increase in the content of iron may promote oxidative stress and extracellular matrix degradation, paradoxically inducing atherosclerosis progression and plaque rupture. 59 Other MRI probes also have been studied at the preclinical level to depict molecular characteristics of atherosclerotic lesions. Novel approaches tagging gadolinium and other magnetically active probes routinely used in clinical medicine with proteins involved in the endothelial dysfunction process include the use of Apo-A1 mimetic agents 60 and antibodies targeting oxidized-specific epitopes such as the human IK17 or the murine MDA2 and E06. 61
Plaque inflammation and platelet activity using radiolabeled probes
In the last few years PET/CT has become a widely acceptable tool in oncology and clinical cardiology to depict cellular infiltration, ischemia and other disease-specific molecular process. In atherosclerosis imaging, recent developments based on the use of dedicated fusion imaging systems that combine PET imaging or single photon emission computed tomography (SPECT) with either CT or MRI 62 has enabled accurate anatomic and molecular correlation of the atherosclerotic disease process ( Figure 5 ). 63 Similar to super-magnetic particles, radiolabeled probes depict activated macrophages within atheromatous plaque, although in a different metabolic pathway. Cellular inflammatory activity is characterized by increased glucose turnover. Vulnerable plaques characteristically have a thin fibrous cap and sustained inflammatory activity that correlates with the number of activated macrophages. 15, 64 Metabolically active macrophages have an increased glucose uptake that can be detected as an increased radioactivity using 2-[ 18 F]fluoro-2-deoxy-d-glucose positron emission tomography ( 18 F-[FDG]-PET). [65] [66] [67] Yun et al. first reported the uptake of 18 F-[FDG] in atherosclerosis lesions of large arteries in humans. 68 Subsequent studies demonstrated histopathological correlation between 18 F-[FDG] radioactivity and carotid atherosclerotic inflammatory content. 66, 69 Observational studies also show that 18 F-[FDG] plaque accumulation correlates with the amount of calcified plaques and other cardiovascular risk factors, and interventional drug therapy with statins attenuates 18 F-[FDG] atherosclerosis plaque uptake. 70 Moreover, recent gene expression analysis revealed that multiple proteins involved in plaque instability such as CD68, GLUT-1, HK12 and cathepsin K predict 18 F-[FDG] uptake in carotid atherosclerotic lesions. 71 Figure 5 . 18 Further studies are also required to demonstrate the relationship between 18 F-[FDG] plaque uptake and long-term cardiovascular outcomes. In addition, notable technical and safety limitations need to be addressed in larger prospective studies. For example, there is a possible confounding effect of hyperglycemia in 18 F-[FDG] vascular uptake 72 limiting its use in diabetics. Since glucose uptake is a non-specific biomarker of inflammatory activity, other tissues with high 18 F-[FDG] metabolic accumulation surrounding the arteries such as fat and skeletal muscle can be a source for false positive results and reduced specificity.
The dose of radiation exposure using co-registration imaging modalities is another technical limitation to consider. There are two sources of radiation exposure during a PET/CT examination: there is an internal radiation exposure from the injected radiopharmaceutical and an external radiation source from the CT scan. The effective radiation exposure for a PET/CT study is the sum of these two sources. A single 18 F-[FDG] injection can be the source of 7 millisievert (mSv) effective radiation and the dose of a limited CTA could range from 3 to 15 mSv depending on the acquisition protocol. Even using these conservative estimates of radiation exposure, the combined radiation exposure of a single PET/CT examination is significantly higher than other clinical studies or radiation from natural sources. The average person in the United States receives an effective radiation dose of about 3 mSv from natural sources and cosmic radiation. Thus, during a single PET/CT effective radiation exposure could be comparable to 3-6 years of natural background radiation exposures. The unknown cumulative and long-term effects of such levels of radiation exposure limit the role of PET/CT in the diagnosis and monitoring of early atherosclerosis until more definitive safety information is collected, particularly in pediatric populations and young adults at risk for cardiovascular disease. 73, 74 
Molecular imaging evaluation of arterial thrombosis
Vulnerable plaque rupture invariably leads to platelet activation and aggregation. Activated platelets (AP) adhere to von Willebrand factor (vWF) and other endothelial receptors via glycoprotein (GP) 2αβ1/GPVI receptors. 75 Conformational activation of integrin receptors enhances platelet adhesion to fibrinogen via the GP IIb/IIIa receptor and extracellular matrix collagen through the α2β1 receptor. 76 Pro-coagulant activity is mediated by rearrangement of platelet cell membrane phospholipids (PS). Negatively charged PS activate tenase and prothrombinase activity allowing critical dimensional configuration changes of coagulation factors (IXa, cofactor VIIIa, Xa and Va cofactor) to form initial prothrombotic complexes. Last, AP release dense granules, α-granules and lysosomes with further activation of the coagulation cascade and escalation of the inflammatory response from the denuded endothelium. The end point is the formation of the characteristic 'inflammatory' thrombus by aggregation of platelets and other cellular blood products. In addition to the primary role in thrombosis and hemostasis, it has been hypothesized that AP play a pivotal role in atherogenesis as initiators of a pro-inflammatory response releasing chemokines (ILβ1) and expressing surface receptors (CD40) that facilitate activation of the endothelium, even prior to other initiating events such as lipid retention. 9, 10 The molecular underpinnings of platelet activation have been pursued as potential molecular imaging targets for diverse imaging modalities. [77] [78] [79] [80] Annexin V is a 36 kDa protein with special binding affinity for phosphatidylserine in the cell membrane of AP. 81 Annexin V radiolabeled with technectium-99m ( 99m Tc-Anx) has been used in different animal model systems of acute arterial thrombosis. 78 In addition, 99m Tc-Anx has been used to depict thrombusrelated platelets in human valve endocarditis. 82 Magnetic resonance imaging targeting platelet thrombi also has been achieved with a novel paramagnetic contrast that targets the glycoprotein αII-β3 integrin receptor. 56 Correspondingly, in vivo models of acute arterial thrombosis and in vitro experiments demonstrate that microbubbles targeted to GPIIb/IIIa increase the ultrasonic visualization of human thrombus even under high and pulsatile flow conditions. 83, 84 
Imaging-based therapeutic delivery strategies
The general goal of an imaging-based therapeutic delivery system is to visualize and control the delivery of a therapeutic agent to a disease-specific region of interest to improve efficacy while reducing unwanted side effects. The principle is to control drug action in the targeted area by an external energy field such as light, neutron beam, magnetic field or mechanical acoustic energy. Ultrasound in particular has significant advantages to becoming the ideal imaging method to deliver a therapeutic intervention. It is the most commonly used non-invasive diagnostic imaging modality. Ultrasound imaging systems are portable and they provide real-time imaging avoiding hazardous radiation. Moreover, ultrasound is the only non-invasive imaging modality in which multiple human studies demonstrate the feasibility, efficacy and prognostic value of using acoustic energy to facilitate fibrinolysis (thrombus sonolysis) and improve drug delivery into tissues and cells. 85
Ultrasound-enhanced thrombolysis
Ultrasound waves transmit mechanical and thermal energy in a controllable manner. Based on this principle, dual diagnostic and therapeutic ultrasound strategies are now applied in clinical medicine, including ablation of solid tumors using high-frequency intensity-focused ultrasound (HIFU) and UET to treat acute intra-arterial cerebral ischemia using diagnostic imaging pulses. 86 Clinical trials are underway to evaluate non-invasive UET in the treatment of other acute arterial thrombotic syndromes such as acute myocardial infarction. 87 Thrombus insonation facilitates fibrinolysis by nonthermal cavitational mechanisms in which the enzymatic activity of tissue plasminogen and other fibrinolytics is enhanced. [88] [89] [90] [91] In humans, the use of trans-cranial Doppler (TCD) using high ultrasound frequencies (2 MHz) during tissue plasminogen activator (tPA) infusion is associated with a high rate of arterial recanalization and clinical recovery. 92 The CLOBUST trial (Combined Lysis of Thrombus in Brain Ischemia using Trans-cranial Ultrasound) was the first multicenter collaborative study to demonstrate a positive therapeutic effect in humans of low-dose highfrequency ultrasound. In this study, subjects who received tPA + TCD had a higher rate of arterial recanalization at 2 hours compared to subjects who received tPA infusion alone (38% vs 13%, respectively, p = 0.03). 93 More importantly, the rate of intra-cerebral hemorrhage (ICH) was similar in both groups (3.8%, p = NS). 94 A recently published meta-analysis of six randomized and three nonrandomized studies, pooling a total of 416 participants, confirmed the safety and efficacy of high-frequency UET. The group that received UET had a significantly higher likelihood of recanalization (odds ratio [OR], 2.99, p = 0.0001), whereas no associated risk of symptomatic ICH was observed (pooled OR, 1.26, p = 0.67). 95
Acoustic and magnetic active probes as therapeutic carrier systems
Ultrasound by itself facilitates the therapeutic effect and cellular uptake of drugs, proteins, peptides and even gene and cell therapies. However, the amount of ultrasound energy required to induce such site-specific effects in a controllable manner could be deleterious to surrounding tissues. 96 Thus, microbubbles have been used to decrease acoustic energy to achieve a therapeutic effect and as therapeutic carriers to the region of interest. During acoustic stimulus they tend to release energy from their implosive collapse and growth within vasculature (nuclei cavitation). This release of energy can induce cell membrane sonoporation, facilitating the delivery of a loaded therapeutic agent. 97, 98 Multiple proof-of-principle studies demonstrate the feasibility of using acoustically active probes as carriers for drugs and gene therapies. Glycoprotein IIb/IIIa targeted microbubbles improve microvascular flow after acute coronary obstruction in a large animal model system. 99 In angiogenesis, ultrasound-mediated delivery of a VEGF plasmid in the hind limb ischemia model was superior to direct intra-muscular delivery in promoting neovascular formation. 100, 101 Recently, effective transfection into arteries was demonstrated using microbubbles carrying ICAM-1 small interfering RNA (siRNA). In this study, ICAM-1 siRNA attenuated arterial neointimal formation. 102 The development of imaging systems specifically designed for ultrasound therapeutic delivery and development of novel UCAs at the nanoscale will further increase the specificity of an ultrasound-based theragnostic approach. 103 Based on similar principles, magnetic drug targeting (MDT) is a novel theragnostic approach for site-specific vascular intervention. An external magnetic field is used to attract and activate metallic nano particles (MNP) made of iron, cobalt or nickel, whereas protective polymeric coating, liposomes or another alternative core shell structure coating are used for drug loading and tagging with a functional ligand to further increase molecular specificity. 104 Novel co-registration technology that uses an MRI-guided focused ultrasound system (MRIgFUS) is currently under development. MRI provides a precise anatomic localization and structural assessment of the target vessel, whereas focused high-frequency ultrasound is used to deliver drugloaded and tagged probes to deep vascular targets. 105
Summary
Molecular imaging applications designed for imaging platforms traditionally used to evaluate cardiovascular disease have a complementary role in depicting molecular characteristics of the heterogeneous atherosclerotic process. Iron oxide superparamagnetic particles for MRI and 18 F- [FDG] for PET/CT are well-developed molecular imaging tools to monitor atherosclerotic plaque inflammation. Similarly, contrast-enhanced ultrasound appears to be a reliable real-time method to depict ectopic neovascularization in humans. Evidence from early phase interventional drug trials in humans suggests a probable role of these molecular imaging applications in clinical practice.
Clinical studies using UET applications in acute cerebral ischemia and acute coronary syndrome are compelling examples that a theragnostic approach to vascular disease is feasible in humans. Furthermore, based on successful preclinical studies in animal model systems that use acoustically and magnetically active probes to deliver drug, gene or cellular-based therapies, it is reasonable to expect in the near future a human translation of novel molecular theragnostic applications that comprehensibly account for the structural, functional, and pathobiologic characteristics of the disease. This approach may eventually lead to a specific and personalized treatment of atherosclerosis and other vascular conditions.
